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a b s t r a c t

Countercurrent imbibition is an important mechanism for tight oil recovery, that is, water imbibes
spontaneously from the fracture into the porous matrix while oil flows reversely into the fracture. Its
significance over cocurrent imbibition and forced imbibition is highlighted when permeability reduces.
We used the computed tomography (CT) scanning to measure the one-dimensional evolution of water
saturation profile and countercurrent imbibition distance (CID) at different fluid pressures, initial water
saturations, and permeability. Surprisingly, experiments show that CID evolution for tight reservoir cores
dramatically deviates from the classical diffusive rule (i.e., evolutes proportional to square root of time,
t0.5). At early stage, CID extends faster than t0.5 (super-diffusive); while at late stage, CID extends much
slower than t0.5 (sub-diffusive). After tens of hours, the CID change becomes too slow to be practically
efficient for tight oil recovery. This research demonstrates that this deviation from classic theory is a
result of (1) a much longer characteristic capillary length than effective invasion depth, which eliminates
full development of a classical displacement front; and (2) non-zero flow at low water saturation, which
was always neglected for conventional reservoir and is amplified in sub-mili-Darcy rocks. To well depict
the details of the imbibition front in this situation, we introduce non-zero wetting phase fluidity at low
saturation into classical countercurrent imbibition model and conduct numerical simulations, which
successfully rationalizes the non-diffusive behavior and fits experimental data. Our data and theory
imply an optimum soaking time in tight oil recovery by countercurrent imbibition, beyond which
increasing exposed fracture surface area becomes a more efficient enhanced oil recovery (EOR) strategy
than soaking for longer time.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Tight oil has become a recent hotspot of unconventional oil and
gas exploration and development, with the expected production
potential of 58 � 108 t (U.S. Energy Information Administration,
2018, 2019 ). The tight oil reservoirs are of low initial oil produc-
tion, rapid production decline, and commonly low recovery of less
. Yu), kexu1989@pku.edu.cn
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than 10% (Cao et al., 2022; Wang et al., 2019; Wei et al., 2021), as a
result of low permeability (gas permeability less than 1mD) (Zou
et al., 2017). Long horizontal wells and multi-stage volumetric
fracturing techniques are conducted to enhance tight formation oil
recovery, but it faces the challenge of preferential flow along with
the fractures which may leave oil in porous matrix behind and thus
result in low oil recovery (Tang et al., 2022; Yu et al., 2019a, 2019b).
One solution to improve the sweep efficiency is to make use of the
strong capillary pressure caused by small pore size in tight oil
reservoirs, to drive spontaneous countercurrent imbibition
(Seyyedi and Sohrabi, 2015; Wang et al., 2018; Gruener and Huber,
2019; Yang et al., 2016).
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Nomenclature

Cspread The factor determined by the shape of pore size
distribution, dimensionless

Dm The factor determined by the shape of pore size
distribution, dimensionless

Dm The maximum of diffusion coefficient, mm2/s
k Absolute permeability, mm2 or D
Krw (Kro) Relative permeability of water (oil), dimensionless
Pc Capillary pressure, MPa
Po (Pw) Oil phase (water phase) pressure, MPa
Ro Imbibition recovery factor, dimensionless
S Normalized saturation, dimensionless
Smax Maximum water saturation, dimensionless

So Oil saturation, dimensionless
Swf Wetting phase saturation behind the front,

dimensionless
Swi Initial water saturation, dimensionless
Sw(x) Distribution function of water saturation
Vim The volume of imbibition fluid, cm3

Vo The volume of initial oil, cm3

Xf Water saturation front (imbibition distance), cm
L Core length, cm
mo (mw) Viscosity of oil (water), mPa s
lx Fluidity of x phase, mm2/(mPa s)
s Interfacial tension, mN/m
f Porosity, dimensionless
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Countercurrent imbibition is the process of displacing the non-
wetting fluid by the wetting fluid driven by capillary pressure, that
wetting fluid imbibes spontaneously from the open surface (such as
fracture) into the porous matrix while non-wetting fluid flows
reversely out of the open surface. The classic mechanism of oil-
water imbibition indicates that capillary pressure is the main
driving force of plane imbibition for sandstone reservoir, which is
principally affected by pore radius (Yu et al., 2021; Lu et al., 2022),
wettability (Wang et al., 2011; Hou et al., 2022), interfacial tension
(Song et al., 2021). Many experimental and theoretical approaches
on countercurrent imbibition process have been made (Pooladi-
Darvish and Firoozabadi, 2000; Hatiboglu and Babadagli, 2008;
Jabbari et al., 2017; Xu et al., 2021). Most of the existing studies
focus on evaluating imbibition recovery and analyzing the influ-
ence of various factors such as gravity, wettability, oil viscosity, and
permeability on imbibition recovery (Tian et al., 2021; Hatiboglu
and Babadagli, 2007; Meng et al., 2019b; Polat, 2021). However,
countercurrent imbibition in the tight reservoir is too slow due to
very low permeability, that water can only penetrate into a limited
depth from the fracture during operation time, while leaving oil
beyond that depth unaffected. In this scenario, countercurrent
imbibition distance (CID) (Meng et al., 2017), defined as the dis-
tance between inlet and imbibition front (Fig.1), is more intuitive to
evaluate imbibition efficiency than oil recovery.

Theories have been established for countercurrent imbibition
process, and researchers have established analytical solutions
Fig. 1. Schematic diagram of countercurrent imbibition process and CID.
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(Kashchiev and Firoozabadi, 2003; Schmid et al., 2016), semi-
analytical solutions (Deng and King, 2019; Velasco-Lozano and
Balhoff, 2021) and numerical models (Yang et al., 2019). Classical
oil-water countercurrent imbibition theory predicts that counter-
current imbibition volume and the distance of imbibition front are
proportional to the square root of imbibition time (Reis and Cil,
1993), as:

CID ¼
ffiffiffiffiffiffiffiffiffi
Dmt

p
(1)

where CID is the countercurrent imbibition distance; Dm is a con-
stant. Numerous researches have been conducted to correct Dm
(Zhang et al., 1996; Fischer et al., 2008; Mason et al., 2010;
Hatiboglu and Babadagli, 2010; Standnes and Andersen, 2017; Zhou
et al., 2002; Meng et al., 2019a). Some scholars propose that early
imbibition recovery deviates from the classical model (Silin and
Patzek, 2004; Føyen et al., 2019). Silin and Patzek (2004)
extended the countercurrent imbibition model based on Bare-
nblatt's two-phase flow theory of non-equilibrium and predicted
that the early stage of imbibition is faster than the square-root law
while the late stage converges back to classical square-root law, due
to relaxation (Barenblatt, 1971; Barenblatt and Vinnichenko, 1980)
caused by water saturation and capillary pressure.

Experimentally, Eq. (1) has also been validated and extended,
through indirect measurement or direct recording of detailed
saturation profiles. Yang, Z. et al. (2019) estimated the sweeping
effect of countercurrent imbibition by high-pressure large-model
physical simulation system. However, this experimental method
cannot obtain saturation profile, and only the outcrop samples (0.2
and 2mD) were used to study CID. Mirzaei et al. (2016) performed
surfactant flooding into oil-wet fractured cores andmonitored their
imbibition process by CT scanning, and obtained saturation evolu-
tion of imbibition under considering gravity. Experimental princi-
ples and methods in this literature are similar to our experimental
study, but research object is relatively high-permeability cores (250
mD).

There are still very few research that investigate saturation
profile evolution and seepage mechanism during countercurrent
imbibition in low-permeability (<1 mD) porous media. Recently,
Liu and Sheng (2020) conducted nuclear magnetic resonance
(NMR) test to investigate evolution of CID during surfactant-
enhanced countercurrent imbibition. Although this study focuses
more on interpreting the role of surfactant rather than on investi-
gating seepage mechanism, it extends direct record of saturation
profile during countercurrent imbibition into < 1mD low-
permeability porous media.

The objective of this paper is to experimentally measure



S.-C. Qi, H.-Y. Yu, X.-B. Han et al. Petroleum Science 20 (2023) 322e336
saturation profile and CID evolution during countercurrent imbi-
bition of brine into oil-saturated tight sandstone cores, using CT
scanning method. The influences of fluid pressure, water saturation
and core permeability on CID are investigated. New scaling during
imbibition is observed, and explained by modifying classic imbi-
bition theory at the low-permeability and high-capillarity extreme.
This study provides a theoretical basis for practical evaluation of
imbibition effect and the development of tight oil reservoirs.

2. Experimental materials and methods

2.1. Core samples

Tight sandstone core samples used in this study were taken
from Block A of Changqing Oilfield in the Ordos Basin, China, where
the tight oil formation is located around 2570 m underground. The
core is set to be horizontal, and the core orientation is consistent
with the horizontal stratigraphy direction. By using Porosity
Measuring Device and PDP-200 Permeability Measuring Device,
porosity was measured according to the principle of gas expansion
(i.e. Boyle's law), and permeability was measured by non-steady
pressure pulse decay method. In order to make the data more
reliable, the porosity and permeability were measured multiple
times, and the properties of these cores are given in Table 1. The
mineral composition of experimental samples was measured by X-
ray diffraction (XRD) analysis as shown in Table 2.

To avoid the influence of pore structure characteristics, the NMR
method was used to select cores with similar pore distribution for
CID identification. The NMR results of four selected cores show very
similar double-peak feature. The shapes and positions of the
double-peaks in the four T2 curves are similar. T2 relaxation time
and the pore size are theoretically correlated, that is, the longer the
relaxation time, the larger the pore. The distribution of pores can
therefore be judged by the curve distribution and the area under
the curve. Through quantitative analysis, the area proportion of left
peak (smaller pore) of cores A-1, A-2 and A-3 are 72.96%e73.87%,
and the area proportion of right peak (larger pore) are 26.13%e
27.08%, and the overall T2 curve distribution is close, indicating that
the three cores have similar pore structure. The T2 amplitude value
of core A-4 with higher permeability is greater than that of the
other three cores. Finally, three cores with similar permeability and
pore distribution and a corewith higher permeability were selected
for this study. The results of the NMR experiments of cores are
shown in Fig. 2.

2.2. Fluids and core wettability

The crude oil used in this study was taken from the same field.
The oil components, measured by the Agilent 7890A gas chro-
matograph, are shown in Fig. 3a. At the temperature of 25 �C and
atmospheric pressure, the oil viscosity is 15mPa s and the density is
0.79 g/cm3. The total salinity of the formation water is 49779 mg/L,
and the components and properties of formation water are shown
in Table 3. In this experiment, the artificial formation water was
prepared according to its ionic composition and salinity, and water
viscosity is 1.03 mPa s at 25 �C.
Table 1
The properties of experimental cores.

Sample Length, cm Diameter, cm Pore

A-1 5.046 2.509 2.23
A-2 5.051 2.492 2.15
A-3 5.037 2.489 2.15
A-4 5.043 2.496 2.72
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The core wettability was characterized by contact angle of oil on
smoothed core sample surface in water environment using JY-PHB
contact angle equipment before imbibition experiment, following
the procedures of petroleum standard SY/T 5153-2017: (1) core
sample with smoothed surface, as well as the measuring chamber,
are thoroughly cleaned; (2) core sample is put into the measuring
chamber, and themeasuring chamber is filledwith formationwater
and soaked for 48 h; (3) the oil droplet is injected under the core
sample by using a micro-syringe, and balanced for 168 h; (4) then
final contact angle is determined when the contact angle remained
unchanged. As shown in Fig. 3b (for A-1 core), the core is water-
wet.

2.3. Experimental procedures

X-CT scanning experiment is performed tomeasure CID, and the
experimental instrument and data processing are shown in
Appendix-A. The effects of fluid pressure, water saturation and core
permeability on CID are further investigated. This experiment
studies the countercurrent imbibition process where the injected
fluid contacts with flat rock end-face. The cores are sealed by epoxy
resin except for the inlet, and the injected fluid only contacts with
the inlet of cores, so there is no displacement pressure difference. In
the imbibition process, the injected fluid is imbibed into the core,
and crude oil in the core is expelled. The CID increases with time,
then imbibition is considered to over when CID hardly changes.
Some experimental parameters such as pressure and initial water
saturation are designed with reference to the reservoir conditions
of target block, and the schematic diagram of countercurrent
imbibition process is shown in Fig. 4. The specific procedures are as
follows:

(1) The CT values of air, crude oil and simulated formationwater
are measured under the condition of scanning current of
160 mA and scanning voltage of 120 kV, at experimental
pressure and ambient temperature (25 �C).

(2) Experimental cores are cleaned with organic solvent for 14
days, referring to the relevant regulations of petroleum in-
dustry standard SY/T 5336-2006. The cleaned cores are dried
at 100 �C in a drying apparatus for 2 days, then taken out and
placed in a desiccator for cooling.

(3) Select a dry core and put it in the core holder, and pressurize
it to experimental confining pressure and backpressure, then
vacuum it to the steady state (the pressure has no obvious
change within 2 h). Measure the CT value of each cross-
section of the dry core (the scanning layer thickness is
1.25 mm, and the scanning interval is 5 mm).

(4) To avoid the influence of live oil degassing, dead oil is used to
saturate tight cores. The core is vacuumed for 7 days to the
steady state and saturated with crude oil at 20 MPa for 21
days. Then, the core saturated with oil is aged for 7 days for
subsequent experiments. The core saturated with crude oil is
scanned to measure the CT value of each cross-section.

(5) Close the outlet valve, then use the injection pump to pres-
surize water at the inlet. Confining pressure is always set to
be 3 MPa higher than inlet pressure. When the inlet reaches
volume, cm3 Gas permeability, mD Porosity, %

0 0.311 ± 0.003 8.94 ± 0.02
6 0.314 ± 0.001 8.75 ± 0.01
9 0.312 ± 0.002 8.81 ± 0.02
7 0.796 ± 0.002 11.05 ± 0.03



Table 2
XRD analysis results of core samples.

Mineral composition, % Clay minerals analysis, %

Quartz Feldspar Dolomite Calcite Pyrite Clay S I I/S C K

51.5 29.7 4.1 3.5 e 11.2 e 34.4 23.3 42.3 e

Note: S: Smectite; I: Illite; C: Chlorite; K: Kaolinite; I/S: Illite/smectite mixture.

Fig. 2. The results of NMR experiments of cores.
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the target pressure, the injection pump automatically shuts
down then quickly close the inlet valve. The back pressure
regulator always monitors whether there is liquid flow at the
outlet. At this moment, the imbibition process starts in the
sealed core holder (Fig. 4a).

(6) In the early stage of the experiment, CT scanning can be
performed every 10 min, and the initial position of each scan
should be consistent. In the later stage of the experiment, CT
scanning can be performed three times a day. The CID of
water is determined by finding the cross-section position
Fig. 3. Test results of fluid and core wettability. (a) The com

Table 3
The components and properties of artificial formation water.

Ion concentration, mg/L

Kþþ Naþ Ca2þ Mg2þ Cl�

16207 2528 270 29703
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wherewater saturation suddenly becomes zero (Fig. 4b), and
there may be the quantization error of a CT scan thickness
(1.25 mm) for CID quantification.

When studying the effects of fluid pressure and core perme-
ability on CID, the dry cores are saturated with crude oil in this
experiment, and there is no water in the cores. However, in order to
study the influence of water saturation on CID, it is necessary to
establish the irreducible water saturation of core A-3, then conduct
the experiment for measuring the CID.
3. Results

The saturation profiles during countercurrent imbibition under
different conditions are shown in Fig. 5. Note that negative water
saturation values come from the measurement error of 2%e3%. All
experiments show qualitatively similar results: water gradually
imbibes from the right side of the core, during which the inlet
water saturation increases. Water invasion gradually slows down,
and the saturation profile changes very little after about 72 h during
these imbibition experiments. We define the CID at 72 h as steady-
CID (SCID). The imbibition front does not reach the closed end
boundary during the experiment. The oil recovery factor can be
calculated from the water saturation profile, as:

Ro ¼ Vim
Vo

¼

ð
ðSwðxÞ � SwiÞdx
Lð1� SwiÞ

(2)

where Vim is the volume of imbibition fluid; Vo is the volume of
initial oil; L is the core length; Sw(x) is the distribution function of
water saturation; Swi is the initial water saturation.
ponents of crude oil; (b) Core wettability test results.

Total salinity, mg/L

SO4
2e HCO3

�

734 337 49779



Fig. 4. The schematic diagram of countercurrent imbibition process. (a) The initial state of countercurrent imbibition; (b) The final state of countercurrent imbibition.

Fig. 5. Experimental results of CID under different experimental conditions. (a) Core A-1 under 5 MPa condition; (b) Core A-2 under 20 MPa condition; (c) Core A-3 with the initial
water saturation of 31.66%; (d) Core A-4 with a permeability of 0.796 mD.
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The evolution of countercurrent imbibition recovery of different
cores is thus calculated and presented, as shown in Fig. 6a. Even at
the very end of the experiments that water invasion almost ter-
minates, the total oil recovery is only about 2%e3% for cores of
permeability of 0.3 mD, and about 9% for core A-4 with higher
permeability. If the cores are lengthened by twice during infinite-
acting imbibition regime, in the same condition, the actual evolu-
tion of water saturation profile has little change and the recovery
factor would decrease by about twice (demonstrated in the later
section). Oil recovery thus fades more indicative information of
how much region is actually influenced by water.

Compared to recovery factor, CID is a more informative indicator
326
of countercurrent imbibition in tight cores. It indicates actual in-
fluence range of imbibition, which has been experimentally shown
limited near the fracture surface, regardless of the size of un-
affected region. CID evolution of four experiments are shown in
Fig. 6b, showing a similar trend to the recovery factor. Clearly, in-
vasion slows down after a critical point and changes slightly after
72 h, at which time even the imbibition of higher permeability core
(0.796 mD) only influences less than 4 cm in the matrix.

Experiment performed on core A-1 with 0.311 mD is set as a
reference. The fluid pressure is set as 5 MPa and the initial water
saturation is set as 0%. After 72 h of imbibition, the SCID of core A-1
is 1.375 cm. When the fluid pressure is 20 MPa in the experiment



Fig. 6. Evolution process of countercurrent imbibition for different cores. (a) Evolution of countercurrent imbibition recovery; (b) CID evolution.

S.-C. Qi, H.-Y. Yu, X.-B. Han et al. Petroleum Science 20 (2023) 322e336
using core A-2, SCID (1.625 cm) is only insignificantly larger than
that of the reference experiment as a response of expanded pore
space. Initial water saturation is set as 31.66% in the experiment
using core A-3, which results in a slightly lower SCID (1.25 cm)
compared to the reference experiment, which may be interpreted
as a reduction of capillary driving force in presence of larger initial
water saturation. Permeability is more than doubled in core A-4
(0.796 mD) compared to the reference experiment, and the corre-
sponding SCID is also more than doubled (3.625 cm), showing the
dominant influence of permeability on countercurrent imbibition
efficiency. Most of important results for the four experiments are
shown in Table 4.

We note that, even at the very end of each experiment, the inlet
water saturation is still relatively low, without formation of an in-
tegrated saturation displacement “front”. This is very different from
observations using high-permeability or high porosity samples
(Bourbiaux and Kalaydjian, 1990; Guen and Kovscek, 2006).
Fig. 7. Double logarithmic graph of CID and time for experimental data (Black triangle
is an auxiliary line with a slope of 0.75 and 0.5).
4. Discussion

4.1. Break-down of classical square root models

Surprisingly, experimental data significantly deviates from
classic square-root rules, as illustrated by plotting the double log-
arithmic graph of CID against t for experimental data in Fig. 7: early-
stage CID evolves faster than t0.5 (super-diffusive), while late-stage
CID increases much slower than t0.5 (sub-diffusive). Although some
work proposed early-stage fast imbibition with super-diffusive
scaling, such as Silin and Patzek (2004), no theory is found that
can explain both the early super-diffusive stage and the late sub-
diffusive stage. This deviation from classic square root model is
also illustrated in CIDet0.5 plot, as shown in Fig. 8: in the early stage,
the curve is downwardly convex; in the late stage, the curve is
upwardly convex. When using t0.75 as the x-axis, the linearity of the
early stage appears much better.

In addition, we investigated relevant experimental research in
Table 4
Experimental results of SCID under different experimental conditions.

Sample Fluid pressure, MPa Initial water saturation, %

A-1 5 0
A-2 20 0
A-3 5 31.66
A-4 5 0
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literature. Due to the differences in experimental purpose, experi-
mental core types, permeability, etc., few experimental studies are
available to compare with our results of countercurrent imbibition
in <1 mD cores. Nevertheless, we note that Liu and Sheng (2020)
conducted NMR test and obtained the water saturation profiles in
tight cores during countercurrent imbibition, which can be used for
analogy with our experimental research. In this work, we also note
the emergence of two countercurrent imbibition stages, with clear
sub-diffusive (later stage) and suspected super-diffusive (early
stage). Regrettably, their early-time data are so sparse and few that
more convincing analysis is not applicable. Discussion and analysis
are shown in Appendix C.
SCID, cm Dimensionless CID Water saturation of inlet, %

1.375 0.272 15.16
1.625 0.322 17.92
1.250 0.248 46.88
3.625 0.719 24.89



Fig. 8. (a) Comparison between classic square-root model and experimental results using t0.5 as the x-axis, and the solid lines are fitted lines using square root rule. Note that the
early stage data in every set of data are clearly downward-convex; (b) Re-plot of the CID�time data with t0.75 as the x-axis. Note that the linearity of early time becomes much better.
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4.2. Analysis of non-diffusive countercurrent imbibition

In order to explain this deviation from the square-root rule
while to avoid complex numerical simulation, we re-visit classical
square-root model (Reis and Cil, 1993; Li et al., 2003; Mason et al.,
2009), where the CID is derived as:

Xf ¼
ffiffiffiffiffiffiffiffiffi
Dmt

p
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2k
4

s
Cspreads�

Swf � Swi

�
ðmw=Krw þ mo=KroÞ

t

vuuut (3)

where Xf is the water saturation front; k is absolute permeability of
cores; Cspread is the factor determined by the shape of pore size
distribution; s is the interfacial tension; Swf is the wetting phase
saturation behind the front; mw is the viscosity of water; mo is the
viscosity of oil; Krw is the relative permeability of water; Kro is the
relative permeability of oil; t is the imbibition time.

We note that the classical square-root model assumes the pre-
coefficient of time constant. It is a valid assumption if the
displacement front is well-developed and the length of saturation
transition zone (the front thickness) is negligible, so only two
saturation values exist: the mainly oil-saturated zone ahead of the
front, and themainly water-saturated zone behind it (Li et al., 2003;
Mason et al., 2009). However, according to the capillary pressure
experiment and other data, the capillary pressure is so dominant
that abovementioned assumption may not be valid. We can esti-
mate the length of saturation transition zone (capillary length) as
Lc ¼ kADPc=qm based on Darcy's law (Hammecker et al., 1993;
Masalmeh et al., 2007), which is ~350 cm for core A-1. This value of
capillary length is two orders of magnitudes larger than the core
length. As a consequence, in low-permeability porous media like
these applied in the experiment, the displacement front is far from
being fully developed, which breaks the “negligible front length”
assumption. Two constant-saturation zones no longer exist, and we
need to look into the details of this “incomplete front”, or “capillary
transition zone”, in order to rationalize this breakdown of classic
diffusive model.

We thus revisit the derivation of countercurrent imbibition. The
flux for both liquids can be written as:

q ¼ qw ¼ �l*wVPw ¼ �l*wðVPo � VPcÞ (4)
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�q ¼ qo ¼ �l*oVPo (5)

with

l*x ¼Alx ¼ Ak
krx
mx

VPw ¼ vPw
vx

Pc ¼ Po � Pw

Summating Eqs. (4) and (5) yields:

�
l*o þ l*w

�
VPo ¼ l*wVPc (6)

Substituting Eq. (5) into Eq. (6) yields:

q ¼
�

1

l*w
þ 1

l*o

��1 dPc
dSw

,VSw0Vq ¼ V,

��
1

l*w
þ 1

l*o

��1 dPc
dSw

,VSw

!

(7)

One can cast the continuity equation Af vSw
vt þ Vq ¼ 0 into a

nonlinear diffusion equation:

vSw
vt

¼ V,fFðSwÞVSw g (8)

with

V,fFðSwÞVSw g ¼
v
n�

FðSwÞ vSwvx
�o

vx

FðSwÞ ¼ 1
f

�
1
lw

þ 1
lo

��1�
� dPc
dSw

�
>0

Referring to the mathematical and physical discussion of
Vazquez (2006) and Lukyanov et al. (2012), the characteristics of
this diffusion equation depend on nonlinear type dictated by the

F(Sw) term. If dF
dx ¼ dF

dSw
,vSwvx >0, CID evolves faster than t0.5. If dF

dx ¼
dF
dSw

,vSwvx <0, CID envolves slower than t0.5. Onlywhen dF=dx ¼ 0, the

CID evolves in a diffusive way that CID f t0.5 rigorously holds.
The expression of F(Sw) indicates that CID evolution is controlled



Fig. 9. Function graph when b ¼ 1. (a) The curve of fluidity term; (b) The curve of
capillary pressure term; (c) The curve of F(S) function.
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by fluidity term ð1=lw þ 1=loÞ�1 and capillary pressure term �
dPc=dSw, both of which are functions of water saturation, Sw. By
assuming that fluidity of water is zero at and below Swi, McWhorter
and Sunada (1990) and Kashchiev and Firoozabadi (2003) obtained
a typical diffusion function (i.e. F(Sw)) as a bell-shaped curve
through the typical capillary pressure and relative permeability
equations proposed by Brooks-Corey, and F(Sw) is the maximum at
Sm.

However, the fluidity of wetting phase has shown not exactly
zero at and below Swi. Theoretical and experimental study has
shown that the initial relative permeability of wetting phase can be
approximately regarded as a constant at low water saturation
(Lukyanov et al., 2012). This non-zero fluidity for wetting phase at
low saturation is attributed to the presence of grain surface
roughness, corner flow and microporosity (Bonn et al., 2009; Liu
et al., 2014; Quere, 2008; Kim et al., 2021). Although it has long
been noticed, classic modeling in porous media generally neglect it,
as it is so sensitive to specific surface area and in high-permeability
case that specific surface area is relatively low. However, the non-
zero fluidity along surface roughness and conner should be high-
lighted in low-permeability scenario that the specific area is highly
amplified. Therefore, classical relative permeability equations are
modified to include this non-zero water fluidity term at low water
saturation, as shown in Eqs. (9) and (10).

Krw ¼ aþ Sð2þ3bÞ=b (9a)

Kro ¼ ð1� SÞ2
�
1� Sð2þbÞ=b

�
(9b)

Pc ¼ P0S
�1=b (10)

where S ¼ Sw=Smax is the normalized saturation, assuming Smax ¼ 1
for the convenience of data calculation; P0 is a characteristic
capillary pressure; a is the relative permeability of wetting phase
when Sw >0; b is a parameter related to the distribution of pore
sizes (Brooks and Corey, 1964). We note that both P0 and b can be
directly measured and only the value of a should be obtained by
fitting. We plot the fluidity term, capillary pressure term, and F(Sw)
as functions of normalized saturation, as shown in Fig. 9.

Under low water saturation, ð1=lw þ 1=loÞ�1 � lw approxi-
mates to a constant, and the increase with Sw is slow. In addition,
the capillary pressure term is a monotonically decreasing function
according to Eq. (10), with a large gradient under low water satu-
ration, as shown in Fig. 9b. Accordingly, F(S) starts from infinity and
gradually decreases at lowwater saturation, whenwater saturation
grows larger, the increase of fluidity gradually dominates while the
decrease of �dPc=dS shows down, which results in the increase of
F(S) as predicted by classical bell-shaped curve, as shown in Fig. 9c.

The shape of F can help to explain the two-stage countercurrent
imbibition kinetics for low-permeability rocks as we experimen-
tally observed. In the early-stage, water saturation in the invaded
region is low, so dF=dSw <0 and dF=dx>0, therefore CID increases
faster than classic diffusive t0.5 law. Specifically, as the mobility of
oil, at low water saturation, can be treated as negligible compared
to water mobility, the mathematical formula at this early stage is
identical to that of Lukyanov et al. (2012), although the latter is co-
current imbibition of water to displace air. We therefore directly
borrow their conclusion that CID- t0.75, which perfectlymatches our
experimental data as shown in Fig. 7. However, in the late-stage of
imbibition, the water saturation gradually increases to a higher
value, reverses dF=dSw to be positive, and finally results in CID
increases slower than t0.5.
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The above derivation and scaling arguments well explain the
experimental observations. It also reveals the physics controlling
the transition from super-diffusive and sub-diffusive. When water
saturation is below that of the minimum F (i.e. critical saturation),
the flow is dominated by that along surface roughness, corners and
continuous micropores; when water saturation is above that of the
minimum F, the flow is dominated by classic imbibition along the
pore bodies. The transition from super-diffusive behavior to sub-
diffusive behavior thus marks the transition of flow pattern, from
roughness/corner/microporosity flow to classic spontaneous
imbibition.

4.3. Model fitting

Based on Eq. (8)-Eq. (10), the numerical solution is performed by
using MATLAB programming to simulate countercurrent imbibition
process. In this subsection, we first choose results of core A-1 for
validation and demonstration, and the fitting parameters and
fitting results of the other three cores are shown in Table 5 and
Fig. 10. Parameters b and P0 are obtained from capillary pressure
curve (Appendix B). For core A-1, b ¼ 1:2 and P0 ¼ 0:03 MPa.
Further, by fitting the model against experimental data of water
saturation evolution, we determine a ¼ 8� 10�5, which is in
reasonable interval 9.59 � 10�6 e1.1 � 10�4 (Appendix B)
(Lukyanov et al., 2012). The fitted curves are surprisingly consistent
with the experimental results (Fig. 10a). Simultaneously, the CID
fitting results of four simulations also show a consistent evolution
law with the experimental results, as shown in Fig. 11. The model
fitting in long-hours results is better than the short-hours results,
and this is attributed to the larger error at the very beginning. As
the error of saturation from CT-scanning measurement is irrelevant
to absolute saturation, higher saturation would bring smaller
relative error.

A critical water saturation that the evolution of CID transient
from super-diffusive to sub-diffusive can be obtained by solving dF=
dS ¼ 0 and choose the smallest positive solution (the analytical
solution for critical saturation is illustrated in Appendix B). Then
the critical imbibition time can be obtained. In the case of core A-1
experiment, the critical water saturation is estimated to be 0.118 by
solving dF=dS ¼ 0. We can then solve the time that the inlet water
saturation is 0.118, which yields a critical time of about 29.9 h. This
solved time matches with the transition time as shown in Fig. 7.

4.4. Comparison against classic models

In order to describe the early “super-diffusive” imbibition pro-
cess, the parameter a characterizing the low-saturation no-zero
relative permeability is introduced. This is the major difference
between our model (modified model) and earlier approaches
(McWhorter and Sunada, 1990; Kashchiev and Firoozabadi, 2003).
We note that as the parameters P0 and b can be determined by the
experimentally measuring capillary pressure curve, there is only
one fitting parameter a.

Taking experiment A-1 as an example, b ¼ 1:2 and P0 ¼ 0:03
MPa are obtained by fitting the capillary pressure curve, then
parameter a is fitted through imbibition saturation profile: for the
Table 5
Fitting parameter results of four core experiments.

Sample P0, MPa a b

A-1 0.030 8.1 � 10�5 1.2
A-2 0.038 6.1 � 10�5 1.3
A-3 0.031 5.4 � 10�5 1.2
A-4 0.026 9.0 � 10�5 1.8

330
modified model a ¼ 8� 10�5, and for the previous classic model
a ¼ 0. As shown in the comparison of simulation results (Fig. 12),
water saturation profile of previous model is “upwardly convex”
shape, which is significantly different from the “downwardly
concave” shape of the experimental results, while water saturation
profile of modified model is similar to the experimental results and
is “downwardly concave”. The modified model is obviously much
better to fit experimental results.

4.5. Effect of core length

In order to clarify the influence of the closed outlet boundary on
imbibition profile evolution during infinite-acting imbibition
regime and observe the relationship between CID and imbibition
recovery for long cores, the numerical simulation using our modi-
fied model is conducted. The countercurrent imbibition process of
5, 10, and 20 cm cores is simulated. As shown in Fig. 13, the simu-
lation results of 5, 10, and 20 cm cores are similar as a whole: water
saturation almost coincides before 30 h, and water saturation at the
inlet still almost coincides while water saturation at distal end of
longer core rises slightly after 30 h. Therefore, the distance of the
closed boundary has little effect on the overall water saturation
during infinite-acting imbibition regime.

Although the length of core results in little difference in actual
imbibition process, it does affect the calculated recovery factor, as
the longer core contains more immobilized oil that results in lower
recovery, although actual invasions changes little. It thus echoes
our earlier claim that oil recovery may not be an indicative value to
characterize the actual imbibition kinetics, and it is not an appro-
priate base to compare the imbibition efficiency.

It also shows that the countercurrent imbibition is a highly
localized process, which further highlights the dominance of
countercurrent imbibition over cocurrent imbibition during spon-
taneous imbibition in low-permeability media. Cocurrent imbibi-
tion requires flow through the whole porous media, while
countercurrent imbibition only requires flow near the surface
exposed to water. For cocurrrent imbibition, flow resistance in-
creases proportionally with 1/k and with L; in comparison, for
countercurrent imbibition, the flow resistance is proportional to
the ratio of CID to k and CID also reduces with decreasing k. As a
result, the relative significance of cocurrent imbibition compared to
countercurrent imbibition reduces with the decreasing of perme-
ability. When the permeability is low enough, imbibition becomes
highly localized and is dominated by countercurrent imbibition, at
least in short time-scale.

5. Implications and limitations

The observation and rationalization of non-diffusive counter-
current imbibition in low permeability porous media may provide
guidance for enhancing tight oil recovery. The CID is only of the
order of centimeters in reasonable time scale, leaving all oil deep in
the matrix immobile. Increasing pressure may not be a good
stimulation measure for imbibition, but improving reservoir
permeability and establishing complex fracture network to in-
crease fracture-matrix contact area may be more effective. More
importantly, we show that when the early-stage super-diffusive
imbibition is completed, further soaking becomes economically
inefficient. Meanwhile, the research results trigger some thoughts
for enhancing the imbibition recovery of tight reservoir: (1)
whether to use some auxiliary measures can increase the CID and
enhance imbibition recovery, and (2) as the increase of CID is
limited, creating more fracture surfaces may improve the range of
imbibition sweeping more efficiently than simply soaking for
longer time.



Fig. 10. The one-dimensional numerical solution of saturation distribution.

Fig. 11. CID vs. t double logarithmic graph of simulation results and experimental
results.

Fig. 12. Fitting comparison of previous classic model and modified model for experi-
mental results of core A-1.
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Fig. 13. Comparison of simulation results for 5, 10, and 20 cm cores.
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CID is a direct quantification of imbibition effect distance. In
linear 1-D system, the ratio of CID over total length is the sweep
efficiency. In 3-D systems, the product of CID and total surface area
exposed to water is the total swept volume. Given the area of
fracture, the sweep efficiency can be easily calculated. In addition,
we note that there is inconsistent definition of “tight rock” around
the world (Meng et al., 2018). Nonetheless, the discovery in this
work is not affected by such definitions. The analysis into capillary
transition zone and the fluidity at low water saturation should be
conducted as long as the rock is water-wet and the permeability is
low enough that the capillary length is not negligible.

The mineral composition of cores used in experiments is mainly
quartz and feldspar, both of which are stable in properties and do
not reaction with brine. Clay mineral is an integral part of the
reservoir rock as a cementing material, and the clay content of
experimental core is low, so the effect of osmotic pressure can be
ignored. Osmotic pressure and chemical reaction are not consid-
ered in this study.

Nevertheless, further exploration of countercurrent imbibition
at lower permeability is limited by the capacity of CT instruments.
In this preliminary investigation, the interpreted imbibition dis-
tance for core permeability less than 0.3 mD is unreliable. Mean-
while, due to the limitation of formation cores, there are not many
formation cores with similar core properties to conduct the parallel
comparative experiment. Instruments with higher resolution
should be applied for further research of countercurrent imbibition
in porous media with even lower permeability.
6. Conclusions

In this research, countercurrent imbibition experiments are
conducted on tight cores with permeability lower than 1 mD, and
CT scanning technology is applied to quantify the evolution of CID
(countercurrent imbibition distance). Surprisingly, we find that CID
evolution in tight cores does not follow classic diffusive scaling: in
early stage, CID increases much faster than ~ t0.5; in late stage, CID
evolution slows down to be much slower than ~ t0.5. As a result,
countercurrent imbibition in tight core is more effective in the first
stage, and changes slightly in later stage.

This paper reveals the physics that results in this deviating from
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classic theory, and shows that capillary length in such low-
permeability porous media is much larger than the CID, due to
the small pore size and large capillary pressure. Consequently, the
classic “displacement front” does never fully develop, therefore the
classic diffusive scaling fails. By re-deriving the spontaneous
countercurrent imbibition dynamics that taking non-zero fluidity
of wetting phase at low saturation into consideration, we ratio-
nalize the measured super-diffusive fast imbibition at the early
stage and the sub-diffusive slow imbibition at later stage. The new
theory can fit the experimental data of saturation evolution very
well. The emergence of two stages may imply the existence of an
optimum soaking time to recover oil from tight formation just by
countercurrent imbibition.
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Appendix A

The CT Scanning instrument used in this experiment consists of
an X-ray computed tomography (X-CT) system and a core
displacement system, as shown in Fig. A-1. The X-CT system is
mainly composed of three parts, including a computer system, a CT
scanner, and an image storage and display system. The computer
system calculates and stores the data obtained by scanning the
tomography of an object. The CT scanner mainly scans objects on
the movable platform by emitting X-ray. The X-ray can penetrate
non-metallic materials, and its wavelength and the property of
objects will lead to different experimental data. The image storage
and display system displays the reconstructed CT image processed
by the computer system, which can be a 2D image or a 3D image.

The core displacement system is located on the movable plat-
form, including injection pumps, a confining pressure pump, a
backpressure pump, a core holder, and a pressure transducer. Two
sets of injection pumps are used to inject crude oil and formation
water, respectively. The special core holder shell is made of PEEK
material that allows X-ray to pass through smoothly, thus reducing
measurement error caused by the hardening effect of X-ray.



Table B-1
Fitting parameter results of experimental cores.

Sample P0, MPa b

A-1 0.030 1.2
A-2 0.038 1.3
A-3 0.031 1.18
A-4 0.0257 1.8

Fig. A-1. The schematic diagram of CT scanning instrument.

Fig. B-1. Experimental data and fitting results of capillary pressure curves.

S.-C. Qi, H.-Y. Yu, X.-B. Han et al. Petroleum Science 20 (2023) 322e336
CT scanning technology can directly observe the distribution
characteristics of two-phase fluid and extension of saturation
profile in the core, which provides an intuitive basis for analyzing
the front of water imbibition and determining CID. Assuming that
the rock skeleton and pores are rigid bodies, the pores are
completely saturated with formation water after vacuum treat-
ment. During imbibition process, the pore structure and skeleton
shape do not change, only fluid saturation in the pores changes. Our
experiment follows the principle of substance conservation, and
the volume of water entering the core is equal to the volume of oil
produced from the core. According to the CT data of each cross-
section, water saturation of each cross-section is calculated at
different times for the core, as shown in Eq. A-1, and experimental
measurement error of water saturation is 2%e3%. The error mainly
comes from the experimental equipment and data processing, such
as the positioning error of each scanning surface, the recognition
accuracy of experimental equipment and the data processing error,
etc.

Sw ¼
 

CToil � CTair
CTsaturated � CTdry

�CTimbibition � CTsaturated
CTwater � CToil

!
� 100%

(A-1)

where CTx is the CT value of x (x ¼ air, oil, water, or dry core);
CTsaturated is the CT value of the core saturatedwith oil; CTimbibition is
the CT value of core in imbibition process.
Appendix B

Capillary pressure curves of experimental core are shown in
Fig. B-1. The characteristic parameters P0 and b of each core can be
obtained by fitting the experimental data, and fitting parameter
results are shown in Table B-1. When other parameters are certain,
capillary pressure is inversely proportional to the square root of
permeability based on the Young-Laplace equation.

Pc ¼ 2scosq
r

K ¼ fr2

8t2 / Pc ¼ scosqffiffiffi
2

p
t

ffiffiffi
f
K

q
.
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Referring to the experimental data of Lukyanov et al. (2012), the
reasonable range of water-phase permeability under low satura-

tion, i.e. kKrw, can be calculated by Darcy formula (q ¼ � kKrw
m VP).

Then, through the Kozeny-Carman formula (k ¼ fr2
8t2), the absolute

permeability k can be approximatively calculated, and then Krw can
be obtained as the reference range of a. Finally, the reference in-
terval of a is calculated as 1.10 � 10�4e9.59 � 10�6.

Incorporating Eqs. (9) and (10) into Eq. (8) can obtain the
function expression F(S) of the independent variable S, and then the
expression of dF/dS can be obtained:



dF
dS

¼ KP0
�
Sn � 1

�ðbþ 1ÞðS� 1Þ2�aþ Sm
�

b2fS
bþ1
b þ1z

�
KP0

�
Sn � 1

�ðS� 1Þ2�aþ Sm
�h
mwð2S� 2Þ�Sn � 1

��mSm�1mo þ nSn�1mwðS� 1Þ2
i

bfS
bþ1
b z2

� KmP0Sm�1�Sn � 1
�ðS� 1Þ2 þ KP0ð2S� 2Þ�Sn � 1

��
aþ Sm

�þ KnP0Sn�1ðS� 1Þ2�aþ Sm
�

bfS
bþ1
b z
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with

m¼ 2þ 3b
b

n¼2þ b
b

z ¼
h
mo
�
aþ Sm

�� mw
�
Sn � 1

�ðS� 1Þ2
i

The sensitivity analysis of the function F(S) and critical satura-
tion affected by parameters a and b is shown in Fig. B-2.
Fig. B-2. Change of transient time with parameter a and b. (a) Sensitivity analysi

Fig. C-1. Replotted data of CID and t
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Appendix C

We analysis the data from Liu and Sheng (2020), which echoes
our experimental observation. Experimental results also show two
countercurrent imbibition stages, and the double logarithm graph
of CID against t for experimental data is plotted for further analysis
as shown in Fig. C-1a: the evolutions of early-stage CID are hidden
due to too few experimental data, while late-stage CID increases
much slower than t0.5. At the same time, it can be seen from the
linear plotting oil recovery vs. t0.5 that the early recovery curves of
experiment 2e5 show “downwardly concave” shape (Fig. C-1b),
which implies that the early countercurrent imbibition evolution
may be faster than t0.5. The transition time from super-diffusive and
sub-diffusive is also very close to that in our experiment. Regret-
tably, their early-time data is so few that more convincing analysis
is not applicable.
s of parameter a (b ¼ 1.2). (b) Sensitivity analysis of parameter b (a ¼ 10�5).

ime from Liu and Sheng (2020).
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